Formation of soil organic C (SOC) is influenced by inputs. We applied organic amendments for five consecutive years at 250 g C m −2 yr −1 . Seven years after the applications ended, the effects of biosolids and manure on SOC were greater than alfalfa (Medicago sativa L.), wood, wheat (Triticum aestivum L.) residue, sucrose, brassica residue, cotton (Gossypium hirsutum L.), wheat compost, or the unamended check. Soil C increases ranged from 3 to 49% of C applied and had changed little in the previous 28 mo. Plots sown to continuous winter wheat during the period of amendment had 10% more SOC than plots that had been fallow, an effect more than twice as large as most amendments. This suggests that the contribution of roots to SOC was more important than aboveground crop residues. The effect of amendments on SOC was highly correlated to their initial P content. In addition, for a similar available soil P and soil S content, SOC was significantly greater where wheat or perennial grass was grown. Wood caused an increase in the C/N ratio that persisted >3.5 yr but almost disappeared by the seventh year. This study indicated that continuous cropping or the addition of animal waste or municipal biosolids had the greatest impact on the formation of SOC, and this positive effect remained stable for many years after the end of the continuous treatment applications.
2014). In other cases there appears to be a direct quantitative relationship between the substance applied and its effect on SOC. A study of ongoing vs. 2-yr-past manure additions found that the SOC changes were stable and similar regardless of the 2-yr time lapse (Bhogal et al., 2011) . The total amount of addition seemed to be the most important factor in determining the soil effect.
One of the difficulties in reconciling the reaction of soil to various quantities and types of carbonaceous inputs is that the mineralization of C, N, P, and other elements from organic materials depends on the growing environment of the microbes and the availability of both organic and inorganic forms of the many nutrients required. Nutrient mineralization and decomposition of organic matter is driven by a panoply of microbial enzymes, some of which are sensitive to factors including land use (AcostaMartínez et al., 2007a) , cropping systems (Acosta-Martínez et al., 2007b) , management (Deng and Tabatabai, 1997) , and nutrient availability (Allison and Vitousek, 2005) .
Substances that are nutrient rich and readily metabolized may not necessarily be consumed by microbes. Some can become sequestered on mineral surfaces (Grandy et al., 2009) or are soluble and their mobility allows them to end up in locations where access by microbial predators is limited and turnover is reduced (Sorensen et al., 1996) . As a consequence, at various times in a decay sequence any of these nutrients might be physically protected, immobilized, or mineralized, and the efficiency of conversion from C in substrates to microbial biomass varies widely as microbes can mineralize C or N in organic compounds to obtain other nutrients.
Researchers are starting to pay more attention to the balance of C with other nutrients (Kirkby et al., 2013) . Recently, it was shown that SOC in soil amended with wheat straw was increased threefold by the addition of mineral N, S, and P (Kirkby et al., 2014) . Soil organic P is 20 to 80% of the total P in surface layers (Dalai, 1977) , and transformation of organic P to plant-available P is driven by microbial phosphatases. The microbial biomass contains relatively constant C/P and N/P ratios (Cleveland and Liptzin, 2007; Kirkby et al., 2011) , whereas soil organic P is related to the species of plant litter and the plant age because most immature foliage contains greater P concentrations than mature crop residues (Damon et al., 2014) . Products, such as compost or manure, differ in their C/N and N/P ratios from the predigested feedstocks.
Because most of the current interest in SOC is related to soil properties and effects on the size of the atmospheric C pool, long-term dynamics are the primary concern. In field studies, the fate of SOC as a result of soil management actions should be allowed to stabilize for many years to determine the longevity of responses. It is also important to know if measured differences in SOC occur only because of increases in the size or depth distribution of un-or partially decomposed materials, which might not lead to significant increases in long-term sequestration. For example, Steffens et al. (2009) found that increased grass residue inputs due to the exclusion of grazing increased only the light fraction detritus, not long-term SOC. Many long-term tillage comparisons have found little change in SOC except for the amounts of particulate organic matter near the surface (Mikha et al., 2013) . Increases in partially decomposed organic materials can be important to soil properties and represent a pool of sequestered C but are susceptible to rapid mineralization and might be masking decreases in SOC pools with extremely slow turnover rates. Measuring the effect of a pulse of inputs or removals over a time period that extends beyond the treatment application period is a method for exploring the long-term implications of soil management changes.
Objectives
The goal of a field experiment started in 2002 was to provide insight into the effects of dissimilar sources of organic C compared with typical crop residue. Organic materials were applied to the soil surface under annual wheat or continuous fallow for five consecutive years. The plots were left fallow for 3.5 yr before measuring SOC and organic N. The results of this experiment were reported by Wuest and Gollany (2013) . In the current study, we resampled the experimental plots 28 mo after the previous sample, or approximately 7 yr after the final amendment application. Our objective was to measure rates of SOC loss and see if a return to a wheat-fallow sequence across all plots affected the relative differences among treatments.
In the previous study, samples were collected in 2007 based on depth, and significant differences in bulk density were observed. In 2011, we sampled on an equivalent mass basis to improve the accuracy of SOC comparisons. The 2013 sampling of the current study was also conducted by equivalent mass, so the 2011 and 2013 sample points can be compared without concern for interference from soil bulk density effects. In this study, the 2011 and 2013 samples were analyzed for changes during the 28-mo period. Although not directly comparable to the latter samples, the 2007 soil data provide a measure of SOC, total S, and Olson P immediately after the 5-yr amendment and mainplot treatment period ended.
MATERIALS AND METHODS
The research site was located 15 km northeast of Pendleton, OR. Annual precipitation averages 420 mm. The soil was a Walla Walla silt loam (a coarse-silty, mixed, superactive, mesic Typic Haploxeroll) containing 21% fine to very fine sand, 69% silt, 10% clay, and about 12 g kg −1 organic C in the top 10 cm.
The two main-plot treatments, replicated in four blocks, were continuous fallow and an annual winter wheat crop. Each main plot was divided into 9.29-m 2 subplots (1.52 by 6.10 m), and 10 soil amendments were randomly assigned to subplots within main plots. The 10 soil amendment treatments were (i) check (no amendment), (ii) cotton linters in the form of shredded, unfinished paper-making sheets, (iii) sucrose, (iv) wheat residue, (v) composted wheat residue, (vi) Brassica residue, (vii) wood sawdust (bark-free, western US conifer species, 90% passing a 1-mm sieve), (viii) alfalfa foliage in the form of feed pellets, (ix) cattle (Bos taurus) manure, un-aged and free of straw or soil, and (x) dry biosolids from a municipal sewage treatment plant. All 10 amendments were applied at a target rate of 250 g C m −2 , except for the compost, where an amount of wheat residue equal to 250 g C m −2 was composted with fertilizer in a turned drum. The resulting compost was applied to the plots at the same time as all other treatments. The total amount of C, N, S, and P applied in the 5-yr treatment period for each amendment is provided in Table 1 .
Amendments were applied at the end of summer, immediately before planting the winter wheat main plots. All amendments were in small pieces (<5 cm), spread uniformly, and had good soil contact. The grain drill used to plant and fertilize the wheat was also driven through the fallow plots to provide equal soil disturbance. Because three of the amendments supplied sufficient N (the biosolids, manure, and alfalfa), the fertilizer was shut off during planting of those plots. All other wheat main plots received fertilizer each year, totaling 58 g m −2 N, 9 g m −2 S, and 5 g m −2 P for the 5-yr period. In the winter wheat main plots, all crop residues were returned to each plot after harvesting the grain.
The fallow main plots included a subplot where perennial grass was seeded and grown during the 5-yr period. Because there were no corresponding perennial grass plots in the wheat main plots, these data were not included in the statistical analyses.
A timeline of field history, treatments, and sampling is provided in Table 2 . A baseline soil sample was taken from each plot at the beginning of the experiment, before amendments were applied in the fall of 2002. Both main-plot and amendment treatments were applied for five consecutive years. Samples were collected after the final plot harvest in the summer of 2007, after which the entire plot area was kept fallow and weed free for another 3.5 yr and again sampled in 2011 to measure changes in SOC. The results of the 2007 and 2011 samplings were reported by Wuest and Gollany (2013) . Following the 2011 soil sample event, the test area was farmed uniformly with little soil disturbance. The plots were again resampled in 2013, 28 mo following the 2011 sampling event. During the 28-mo period, the plots had two wheat crops followed by a fallow year, so the soil conditions were more typical of the long-term wheat-fallow history of the site than the continuous cropping or continuous fallow of the amendment application period.
The 2013 sampling consisted of three intact soil cores (16.55-cm 2 cross-sectional area each) in August (6 yr after the final harvest, 7 yr after the last amendment) from all plots. The top 10 cm of each core was carefully measured, dried at 40°C, and weighed to calculate bulk density. The top 100, 100 to 300, and 300 to 360 kg dry soil m −2 were separated and analyzed for total C, total N, mineral N, and Olsen P. Any visible organic matter not removed by a 1-mm sieve was removed using tweezers before analysis. Total C, N, and S were quantified using a combustion analyzer (Thermo Finnigan FlashEA 1112 Elemental Analyzer). Mineral N (NO 3 -N and NH 4 -N) was analyzed in 1 mol L −1 KCl extracts using an Astoria Analyzer (Astoria-Pacific International). Phosphorous was extracted in 0.5 mol L −1 NaHCO 3 and quantified by an Astoria Analyzer using the Ortho-Phosphate Method 303-A200 ( July 1999, Astoria-Pacific International). Nitrate-N and NH 4 -N were subtracted from the total N to determine the organic N. These soils have virtually no inorganic C near the surface, so total C is equal to SOC. A mass depth of 300 kg m −2 is approximately equal to a 0-to 25-cm sample at average bulk density.
The data were analyzed using a mixed model, with sample year, main plot, and amendment treatments as fixed effects, block as a random effect, and the pretreatment baseline SOC or organic N as a covariate. Means were separated using the Table 1 . Five-year total C, N, S, and P applied to subplots by surface amendments. Total amendment C varied slightly from the targeted 250 g m −2 yr −1 due to adjustment for post-application measurement of moisture and C content. Adapted from Wuest and gollany (2013). Check 0 † Fertilizer was applied to all wheat plots excluding biosolids, manure, and alfalfa amendments at amounts totaling 58 g m −2 N, 9 g m −2 S, and 5 g m −2 P for the 5-yr period. ‡ Pre-composted values of the wheat residue plus fertilizer added to speed composting. SAS Simulate adjustment to maintain the Type I error rate at <0.05 (Littell et al., 2006) . The results of an all-subsets regression of final (2013) SOC against selected soil measurements at the end of the treatment period was tested for validity of assumptions using the Global Validation of Linear Models assumptions (skewness, kurtosis, link function, and heteroscedasticity) (Pena and Slate, 2006) .
RESULTS
The analysis and values for SOC, organic N, and the C/N ratio for the 2011 and 2013 sample dates are provided in Table  3 . Soil organic C and the C/N ratio varied significantly by year and main-plot treatment (winter wheat or fallow soil). Organic N showed significant differences by main-plot treatment but not year. There were also significant interactions of year ´ main plot and year ´ amendment for C/N ratio.
The plots that had been planted to wheat during the 5-yr treatment period lost more than twice as much SOC during the 28-mo period but their SOC content remained about 10% greater than the fallow plots (Table 3 , subtraction of the SOC values of 2013 from 2011 for each main plot). There was no interaction between the main-plot treatments (wheat crop vs. fallow) and amendments.
Comparing the 2011 and 2013 measurements, biosolids remained the most effective amendment for increasing SOC, with the check and cotton being the least effective (Table 4) . Wood lost the most SOC and had the largest change in C/N ratio (decreased from 13.39 to 12.46). Sequestration efficiency (the proportion of C applied in the amendment that increased soil C compared with the check, Table 4 ) actually increased between 2011 and 2013 in some cases because there was greater loss in the check than in, for example, the biosolids plots.
Organic N changed very little between 2011 and 2013 ( Table 3 ). The drop in SOC while organic N remained almost unchanged resulted in a slight reduction in the C/N ratio, from 12.45 to 12.13. The largest decrease in C/N ratio was in the wood amendment, where the wheat main-plot ratio dropped 0.95 and the fallow main plot dropped 0.91 (Table 5 ). The average decrease for the other amendment treatments (excluding wood or grass) was 0.14 in the fallow main plots and 0.36 in the wheat main plots.
Correlations to Carbon Loss
Comparison of the 2011 and 2013 data indicated that SOC dropped about 4% (relative) during the 28-mo period (Table 3) . The loss in SOC during the 28-mo period had a modest correlation to the amount of SOC at the start of the period (r 2 = 0.29, P < 0.0001); in other words, there was only a slight tendency for treatments with greater SOC to lose more SOC. As more variables were added in an all-subsets regression, it was found that the change in SOC content during the 28-mo period regressed against the main-plot factor, values of the C/N ratio, SOC, and organic N in 2011, plus the 2007 soil P measurement resulted in an adjusted R 2 of 0.77.
The search for correlations led to an exploration of total SOC in 2013 and 2007 regressed against soil P in those years (Fig. 1) . The amount of P added by the amendments varied widely, with the greatest applied in the biosolids and about 100-fold less P applied in wheat (Table 1) . There was also a clear difference in the ratio of SOC to soil P between soil that had been fallow and soil that was growing a wheat crop during the five treatment years (Fig. 1) . Total soil S for 2007 showed a similar difference between main-plot treatments in the SOC/S ratio. By contrast, organic N in 2013 did not show a large C/N ratio difference between wheat and fallow soils. Biosolids and manure treatments were highly influential in the regressions. Running the SOC vs. P regressions without those treatments (Littell et al., 2006) . ‡ Mean of years and main-plot treatments.
in 2013 still resulted in soil P having a significant regression coefficient (p = 0.0172).
The correlation between P applied in amendments and their effects on SOC is shown in Fig. 2 . Amendment P content was confounded with other differences in amendment chemistry, so we cannot prove a causative relationship. Nevertheless, in this experiment the SOC effect had a strong linear relationship to amendment P content. Wood is the only amendment that lies somewhat off of a smooth curve.
Plot-to-plot variability was large for the biosolids amendment (data not shown). A check for heterogeneity of variance indicated normality. The high and low values from the individ- Table 4 . Soil organic C (SOC) and organic N measured in 2011 and 2013 to a depth of 300 kg m −2 (approximately 0-25 cm) and C sequestration efficiency. The soil measurement values are the average (n = 8) of main-plot treatments, except in the case of the grass crop (n = 4), which existed in fallow plots only. ual plots were not consistent from year to year, indicating high spatial variability within plots despite combining three soil cores. Even with the plot-to-plot variability, the mean of replicates produced consistent results in terms of total C, N, and treatment rankings over the years, and the C/N ratios had low variability.
soil ----------

Main-Plot Effects
Comparison of wheat and fallow main-plot effects in Table  3 indicates that the increase in SOC attributable to the wheat crop was 422 g m −2 . This was 2.5 times the SOC increase attributable to the alfalfa foliage amendment and 4.3 times the SOC increase attributable to the wheat residue amendment.
In the 2013 data, the SOC of plots amended with wheat residue was 142 g C m −2 greater in the wheat main plots and 61 g C m −2 greater in the fallow main plots than in the respective checks (Table 5) . Therefore, on average, the C applied as wheat residue during the 5-yr period (1250 g C m −2 ) increased SOC by 101 g m −2 . Comparatively, the growth of a wheat crop (the entire wheat plant including roots and all aboveground residues except grain) produced an increase of 372 g C m −2 (a contrast of the wheat main-plot check vs. the fallow main-plot check). The aboveground residue measured and returned to the wheat mainplot check was 1751 g C m −2 (Wuest and Gollany, 2013) . Even if the wheat crop's residue effect was adjusted upward by 40% to 141 g m −2 to match the 40% greater (1751 vs. 1250 g C m −2 ) input of aboveground residue in the wheat main-plot check compared with the wheat amendment, the root input could be credited with increasing SOC by 231 g m −2 . This would estimate the root contribution to SOC to be about 60% greater than that of the aboveground wheat residues. Unfortunately, it is not possible to better calculate the belowground contribution of the wheat crop because a treatment was not included in the initial design in which all post-harvest above ground wheat residues were removed.
Depth of Effects
The amendment treatment effects were concentrated in the top 100 kg m −2 of soil. Using the check treatment (unamended) in the fallow main plots as a baseline, the average of main and amendment effects in the 0 to 100 kg m −2 soil layer compared with the 100 to 300 kg m −2 layer were 37 times greater for SOC and 44 time greater for organic N. The top 100 kg m −2 is approximately the top 9 or 10 cm and is the maximum depth that the soil was disturbed by seeding equipment. Unlike earlier measurements where bulk density was significantly correlated to treatments (Wuest and Gollany, 2013) , soil bulk density in the 2013, 0-to 10-cm surface increment was very consistent from plot to plot and averaged 1.06 ± 0.06 g cm −3 , with no treatment differences.
The annual wheat crop's root inputs created significant mainplot differences in SOC below 100 kg m −2 at the 2013 sampling. Wheat main plots contained an average SOC of 2189 g m −2 and fallow plots 2089 g m −2 in the 100 to 300 kg m −2 soil depth (p < 0.0001). From a depth of 300 to 360 kg m −2 (about 25-30 cm) there was no response to treatments, and the experiment-wide average SOC was 1629 g m −2 .
Main-plot treatments did not create statistically significant differences in the C/N ratio at any depth at the 2013 sampling. The average C/N ratio was 12.69 from 0 to 100 kg m −2 , 11.76 from 100 to 300 kg m −2 , and 9.79 from 300 to 360 kg m −2 . Effects for the combined analysis of 2011 and 2013 did produce effects in the 0 to 300 kg m −2 depth, as shown in Table 3 .
DISCUSSION
Soil Organic Carbon
Manure and biosolids produced a remarkable effect on SOC compared with the other treatments. Manure is a common agricultural amendment, and it is often applied in large quantities to a limited number of fields to reduce transportation costs. It is also high in nutrients and has undergone various amounts of microbial processing. Municipal biosolids have even greater microbial processing and nutrient levels. We applied the manure and biosolids treatments at the same C rate as the other amendments, and they supplied the greatest amount of nutrients, including N, S, and P. Seven years after the treatments ended, SOC attributable to manure application (sequestration efficiency) was equal to 21% of the manure C applied compared with the crop residue treatments at about 10% (Table 4 ). The manure effect on SOC was similar in magnitude to the increases measured in a manure-based cropping system (27%) and a legume greenmanure-based cropping system (17%) (Drinkwater et al., 1998) , both of which included the contribution of roots. Other research has reported much lower sequestration efficiencies. For example, in a 34-yr experiment, additions of manure and wheat straw that were plowed to a 40-cm depth resulted in C sequestration efficiencies of 8.1% for manure and 3.7% for wheat straw (Triberti et al., 2008) . Doyle et al. (2004) In light of a recent study (Wuest, 2014) , we have to consider the potential for a seasonal cycle of SOC being responsible for the difference between the 2011 and 2013 measurements. It is possible that the difference in SOC from the sampling in 2011 to the sampling in 2013 is mostly or partly due to a regular seasonal and crop-rotational cycle of root and aboveground residue addition and subsequent oxidation during fallow. We know, however, that the entire experiment had been treated uniformly for the last 7 yr, so any seasonal cycle or the response to being in fallow rather than in wheat at the time of sampling was the same for all plots. The extra loss from the wheat main-plot treatments was probably due to the unusually high inputs during 5 yr of annual winter wheat cropping. The fact that both main-plot and amendment treatments remained different in SOC and organic N and in similar rankings and relationships in the 2007, 2011 (Wuest and Gollany, 2013) , and 2013 samplings means that the relative treatment effects have been stable during a 7-yr period, except for the return of the wood treatments to a more normal C/N ratio.
Concerning wood, Manzoni et al. (2010) found that the immobilization phase of woody residues was longer than for any other material. In another study, forest-derived roots produced a longer lasting effect on SOC than leaves, and wood added light fraction organic matter that later elevated mineralization (Crow et al., 2009 ). In our study, it seems that the wood was several years delayed in mineralization and resisted the return toward its initial soil C/N ratio, whereas all other amendments settled to typical soil C/N ratios within a year of application. In the 28 mo between 2011 and 2013, soil samples showed that the wood treatments changed more than any other amendment and became similar to the other low-nutrient amendments (Table 4) .
Perennial grass grown as a subplot in only the fallow main plots produced a remarkable effect similar in magnitude to the biosolids or the wheat crop main-plot effect. The grass plots received a small amount of N fertilizer in the first year, the year of establishment. This totaled 15 g N m −2 . The average of the amount of N in the amendments was 43 g N m −2 , and the amount of fertilizer N added to the wheat main plots (excluding biosolids, manure, and alfalfa) was 58 g N m −2 . Compared with the fallow main plots in 2013, the average wheat main-plot soil contained an extra 31 g organic N m −2 (Table 3) . Grass plots contained an extra 26 g organic N m −2 (Table 5 ). This indicates that the grass plots were able to create nearly as much SOC and organic N as the wheat crop with much less added N and no P or S additions.
It is possible that the SOC increase we mostly attribute to the presence of roots in the wheat main-plot treatment was instead caused by the fertilizer applied to these plots. However, the lack of interaction between the wheat crop and the amendments indicates that the fertilizer did not influence the accretion of SOC. In the literature it is often reported that mineral fertilizers have little or no long-term effect on increasing SOC (Damon et al., 2014; Triberti et al., 2008 ), but we know that wheat plants take up fertilizer, and the roots and root exudates would therefore potentially become organic sources of N, S, and P.
The residue applied in the wheat amendment was somewhat different than what was produced and added to the soil by the wheat crop. The wheat crop contributed chaff and leaves that would not be recovered when gathering residue from another field and importing it to the plots. Stems and chaff differ in forms of P (Noack et al., 2012) . It is possible that this had an influence on the difference in SOC between the cropped plots and the fallow plots with imported residues.
Phosphorus
The linear regressions indicated that SOC, organic N, and the C/N ratio in 2011, along with the main-plot factor (wheat crop or fallow), were significant variables in predicting SOC loss in the next 28 mo. The best correlations, however, were produced without the C and N variables by simply regressing SOC in 2007 or 2013 against the main-plot factor and soil P (Fig. 1) . The soil P differences were the result of the amendments. As the graphs show, at similar soil P levels the main plots cropped to wheat had substantially greater C than the fallow soil. Some N and P would have been removed in the grain harvest of the wheat main-plot treatments, and this may be visible in the 2007 data (lower left graph). Otherwise, we see little difference between main plots in soil P.
The higher correlation coefficients of C regressed against soil P for 2013 than 2007 (Fig. 1) may be in part due to a more precise soil sampling method in 2013 (and equalization of soil bulk densities). Comparing the graphs of the SOC and P regressions for 2007 and 2013 suggests that the major difference between the 2 yr is the scatter of SOC levels, in which the data have coalesced around the regression line with time. Clearly, there were different ratios produced by the cropped vs. the fallow soil. The wheat crop and the perennial grass produced greater SOC at the same levels of P and S as the surface amendments on the fallow soil. In contrast, C/N ratios were very similar between main-plot treatments.
It is not surprising that SOC and total N or organic N are correlated because organic N is the principal form of N in many soils. Sulfur undergoes similar transformation and loss mechanisms in the soil as N, so it might be expected to also correlate to SOC. Total soil S, measured in 2007, exhibited a pattern similar to P, where at similar S levels the main plots produced different SOC levels (Fig. 1) . This study has therefore produced evidence of two elements whose ratio with C may be different depending on whether plants were present. The correlation between soil P and SOC does not prove causation. A carefully designed study, perhaps using amendments differing only in the concentration of these elements, will be needed to establish whether P or S allowed high efficiency of C retention in the manure and biosolids treatments. It is also possible that the form of amendment P was important. Caveats aside, the apparent relationship between amendment P applied and SOC retained after 7 yr is hard to ignore (Fig. 2) .
CONCLUSIONS
Different sources of C, from pure sugar to high-lignin residues to manures, caused very different effects on stable SOC levels. In the field, all amendments except wood stabilized quickly and produced similar soil C/N ratios within a year. Despite the similarity in final C/N ratios, biosolids and manure yielded the greatest amounts of SOC compared with the plant-derived materials even after 7 yr. The amount of soil C produced by the different amendments appeared to be correlated to the P content of the amendment. The effect of crop roots on SOC was much greater than any of the aboveground crop residue amendments. The ratio of SOC to available P and S was also greater where wheat or grass was grown. Future work is warranted to separate the effects of roots from aboveground residue additions and better relate amendment P and other nutrient contents to accretion of SOC.
